Computational fluid dynamics (CFD) techniques have progressed to a point where they can be routinely applied towards the simulation of blood flow dynamics in the human vasculature. Patient-specific geometries and physiologically accurate flow rates can be obtained from clinical images to provide accurate boundary conditions for these simulations. Advances in computer hardware and CFD software in recent years have reduced the simulation computing time from days to hours. Such a time frame permits incorporation of the information obtained with CFD into the clinical workflow for the surgical repair of vascular pathologies. In this article, the concepts of CFD are introduced via a patient-specific simulation of the hemodynamics in a type III B aortic dissection. Emphasis is placed on the practical aspects of how to optimize CFD simulations so that their results may be of clinical value to the treating surgeon. Limitations as they exist today are discussed.
Introduction
Advances in many areas of medical research have led to the concept of personalized medicine. As described in the overview section of the National Heart Lung and Blood Institute's Strategic Plan of the Division of Cardiovascular Diseases, "Personalized medicine uses enabling technologies, along with clinical and environmental information about an individual, to tailor prevention, management, or treatment of a disease or condition for that individual. These technologies include genetics, genomics, proteomics, and other 'omics and bioengineering approaches. Barriers may include timely translation of research findings, as well as a dearth of identification of molecular markers with proven clinical benefit, clinical trials, and application to clinical practice. Novel research and translational strategies are needed to facilitate widespread use of personalized medicine in the clinic." 21 While computational simulations in general, and simulations of blood flow in human arteries in particular, have been the topic of research in the last decades, 22-27 the recent introduction of advanced clinical imaging techniques and improved computing power has make it possible to tailor these simulations towards the conditions found in a particular individual. [28] [29] [30] [31] [32] [33] Initially, CFD simulations were restricted to two-dimensional models and idealized geometries, and solutions even for these simplified geometries could only be obtained after many hours or even days. Continuous technical advances, however, have made it possible to convert information from images acquired during a routine clinical exam into threedimensional complex mathematical meshes consisting of hundreds of thousands of small-volume elements for transient simulation of the hemodynamics in artery segments of the human vasculature, either in a healthy or diseased state. 12, 34, 35 The results of these simulations provide access to hemodynamic parameters that currently are not reliably measurable with clinical imaging methods.
Arguably, one of the most important of these parameters is the wall shear stress (WSS) that the flowing blood is exerting onto the arterial wall, as endothelial cells have been demonstrated to sense the magnitude and changes in the orientation of the WSS vector. For example, endothelial cells respond to shearing forces caused by time-varying flow, and a WSS magnitude of less than 1.5 Pa will degenerate the arterial wall via the apoptotic cell cycle. 36 Other parameters include dynamic pressures and recirculation patterns; the latter may facilitate the adhesion of material onto the artery wall and promote the creation of atherosclerotic lesions, such as in the bulb of the carotid bifurcation, for example.
In this article, the concept of personalized CFD is illustrated with an example of a type III B aortic dissection (B-AD). Aortic dissections are blood-filled, axial separations between elastic laminae within the media. [3] [4] [5] Rupture occurs in about 90% of cases. In 10% of all cases, re-entrant tears into the aortic lumen exist. The false lumen often re-endothelializes, however, and thrombus formation is also often observed.
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The algorithms for creating the computational meshes and for calculating the aortic volumetric blood flow rate as inflow conditions for the CFD simulations from the clinical medical images are also presented. The information that can be obtained from the CFD simulations is described, including WSS, dynamic pressures, and blood flow pathlines. The validity of this information is discussed, particularly with respect to the assumptions that are necessary to enable the simulation of such a complex system as the human aorta.
Methods
Approval of the institutional review board was obtained for this retrospective study.
Clinical Imaging
A patient with a type III B dissection whose history was unclear underwent a magnetic resonance imaging (MRI) exam, which included a contrast-enhanced magnetic resonance angiography (ceMRA, sagittal, in-plane resolution 1.04 x 1.04 mm, slice thickness 1.75, one breath hold) of the aorta (Figure 1a ). While computed tomography (CT) or digital subtraction angiography (DSA) are routinely used to assess aortic dissections, [6] [7] [8] [9] [10] cine magnetic resonance imaging has the advantage to provide physiological information in addition to anatomical images. [13] [14] [15] [16] [17] [18] [19] [20] Cine two-dimensional phase contrast magnetic resonance images (2D pcMRI) were acquired in an axial orientation at two locations: at the thoracic aorta (Figure 1b , location 1) and the abdominal aorta (location 2) (TR 41 ms, in-plane resolution 1.17 x 1.17 mm, slice thickness 5 mm, one breath hold) using a Siemens Sonata Magnetom 1.5 T human MRI scanner (Siemens, Medical Solutions, Erlangen, Germany). At location 1, the false lumen of the aorta was patent and partly occluded by thrombus at location 2. A velocity encoding value (VENC) of 150 cm/sec as the estimated maximum velocity was selected by the operator to ensure optimum contrast between moving blood in the true aortic lumen and stationary tissue. The cross sections of the ascending aortic in the images from location 1 were used to calculate the aortic volumetric flow rate (Figure 1b) .
Aortic Volumetric Flow Rate
The magnitude 2D pcMRI images were filtered with a median filter (ImageJ, NIH) . 37 This approach was chosen as the median filter is known to preserve edges in digital image processing. 11, 45 In the median filtered images, the lumen of the ascending thoracic aorta exhibited high contrast to stationary tissue and could therefore be segmented by single-value thresholding. Using a single-value region-growing algorithm with a seed placed in the lumen of the ascending aorta, the lumen boundary was extracted and used as a mask in the phase 2D pcMRI images. The average blood flow 
Computational Meshes
The 88 contiguous sagittal ceMRA images were filtered with a Fourier bandpass filter (using the JAVA-based image-processing software ImageJ, available from the NIH website) to remove large image grayscale intensity variations (80 voxels or larger) created by the inhomogeneous sensitivity profile of the coil and to suppress small variations (4 voxels or less) created by noise. The surface of the true and false lumen of the aorta was obtained using the single thresholding technique (Figure 1) . A stereolithographic file was created from this reconstruction with Paraview (www.paraview.org), imported into GAMBIT (ANSYSFluent Inc.), and meshed using 360,275 tetrahedral volume elements ( Figure 1d ).
CFD Simulations
Transient CFD simulations with no-slip conditions, rigid walls, and Newtonian properties of the blood (density of 1050 kg/m 3 and a constant viscosity of 0.004 kg/ ms) were performed. The NavierStokes equations were solved with pressure-based, implicit, threedimensional double precision, second-order solver (ANSYS-Fluent Inc). Time step length for the simulations was 5 msec. Total length of the cardiac interval was 690 msec, resulting in 138 time steps per cardiac cycle. Two cardiac cycles were simulated to reduce the effects of initial transients, and results are reported for the second cardiac cycle. Total pressures, blood velocities, dynamic pressures, and WSS were determined from these simulations.
Results

Aortic Volumetric Flow Rate
The average span of the cardiac intervals used for the image acquisition was 692 ms. The minimum and maximum blood velocities during this time interval were -0.046 m/s and 0.430 m/s, respectively. The velocity was converted into the flow rate (mL/sec) by taking into consideration the cross section of the aorta where the inflow was measured (8.6 10 -4 m 2 ). The average aortic flow rate was 71 mL/sec (-39 -369 mL/ sec). Maximum flow occurred at 78 ms, minimum flow at 243 ms (retrograde flow), and antegrade flow was restored at 405 ms (Figure 1c ).
Hemodynamic Flow Patterns
Velocity Magnitude
Cross-sectional planes located inside the arterial lumen can be used for visualizing the magnitude of the blood velocity. With this approach, the difference in magnitude of the velocities in the true and false lumen around the entrance tear could be read- 
Velocity Vectors
In addition to the magnitude of the blood flow velocity, the directionality of the flow is also of interest, especially for identifying regions of low and recirculating flow. In these regions, secondary flow patterns are present and decelerating forward flow, which may be an indicator for thrombus formation. The deceleration of the blood entering the false lumen resulted in strong secondary flow patterns (Figure 2b ), revealing an increasing complexity of hemodynamics in the false lumen.
Pathlines of Flow
Pathlines can be used to visualize the flow directions in an entire volume. With this technique, laminar flow was identified in the aorta proximal and distal to the entrance tear into the false lumen. In the false lumen, in a region immediately distal to the entrance tear, pathlines revealed disordered flow consistent with the secondary flow patterns observed at this location. Beyond this region, the flow resumed an ordered, laminar structure (Figure 2c ).
WSS Magnitude
The WSS magnitude is of particular interest as it represents a hemodynamic parameter that exerts a force on the aortic wall dependent on the gradient of the velocity normal to the wall per unit area. WSS magnitude was elevated in the true aortic lumen immediately distal to the entrance. A reduction of the aortic cross section created higher blood flow velocities in the center of the lumen and consequently created a larger velocity gradient normal to the wall. In the false lumen, the opposite effect was observed with an enlarged luminal cross section (Figure 2d ).
Dynamic Pressure
As for the WSS magnitude, the force that creates the dynamic pressure has its origin in the flowing blood. While in the case of the WSS magnitude this force is oriented in line with the wall segment, for the dynamic pressure it is always oriented perpendicular to this segment. For the B-AD, the spatial distribution of WSS magnitude and dynamic pressure were similar on the arterial wall: both were elevated in the true lumen distal to the location of the entrance tear and decreased in the false lumen (Figure 2e ).
Total Pressure
The total pressure represents the pressure that would be measured, e.g., by a pressure catheter inserted in the aortic lumen. The total pressure was elevated in the false lumen by about a factor of 10 (95 Pa) compared to the true lumen (about 10 Pa). This difference most likely was caused by a large reduction of the cross-sectional area of the false aortic lumen just proximal to the reentrant tear (Figure 3 ).
Time-Averaged WSS
In addition to analyzing the values of the hemodynamic parameters at different times, time-averaged values can also be evaluated. For instance, for the WSS magnitude a temporal mean and a standard deviation can be obtained from the instantaneous WSS values for each time point. The time-averaged WSS magnitude (<WSS>) did not differ significantly from the WSS magnitude at maximal inflow ( Figure 2d and Figure 4a ). Large variations as represented by the standard deviation of the WSS (WSS) were found proximal to the entrance tear into the false lumen (Figure 4c ).
Oscillatory Shear Index (OSI)
The OSI is a measure for variation in direction of the WSS vector.
38 It therefore complements the WSS magnitude, which represents the magnitude of this vector. Large values for the OSI were found at the wall of the false lumen but also at the posterior aortic wall proximal to the entrance tear (Figure 4d ). For all of these areas, the time-averaged WSS magnitude was also low (Figure 4a ).
Unsteady Solution
In addition to transient CFD simulations, a steady simulation can also be performed in which the inflow velocity is kept constant. The temporal average is usually chosen for this constant. A WSS magnitude also can be calculated [Pa] 0 95 from the unsteady simulation; however, information about temporal parameters such as the δWSS or the OSI cannot be derived. The spatial orientation of the WSS magnitude obtained from the steady solution was similar to <WSS> (Figures 4a  and 4b ), but its absolute values were decreased by a factor of approximately 2.5.
Discussion
The information that can be obtained from CFD simulations comprises a variety of hemodynamic parameters ranging from blood flow velocity over forces exerted on the arterial wall to time averages of directional variations of vectors such as the OSI. The large amount of information conveyed by these parameters has to be tailored to the particular clinical question. Secondary flow patterns, as displayed by the velocity vector, may be indicative of regions where thrombus may form. In particular, a case report of a large basilar aneurysm has successfully linked low velocity magnitude and circulatory flow patterns with the formation of thrombus with fatal outcome.
39 Low and varying WSS magnitude and direction were found to be directly related to the location where a cerebral aneurysm had formed.
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Aortic dissections are complex vascular lesions. Conservative medical treatment of B-AD is generally preferred if there are no complications such as rupture, visceral ischemia, or lower limb ischemia at the time of onset.
2 In its initial phase, the therapeutic objective is to normalize blood pressure and lower the left ventricular ejection fraction force using β-blockers. Long-term follow-up of these patients includes lifetime medical treatment to minimize aortic wall stress and serial imaging to detect signs of dissection progression, redissection or aneurysmal degeneration, making a surgical intervention necessary. 3l CFD simulations can provide additional information that may be helpful in therapeutic decision making. Complex flow patterns in the false lumen -as visualized by the blood flow vectors in combination with low velocity magnitudes indicating almost stagnant flow -may be able to predict thrombus formation, even more so if WSS magnitude is low on the aortic wall. All these conditions were present in the investigated B-AD, and the thrombus was actually present in its distal section. Large WSS magnitudes in the true lumen immediately distal to the entrance tear in the described B-AD represent large stresses acting on the endothelial cells, potentially leading to additional damage and tears. The total pressure in the false lumen of a type B II aortic dissection was almost an order of magnitude larger than in the true lumen for maximum inflow. Total pressure in the false lumen calculated from CFD simulations may be able to provide additional information for aortic enlargement. Flow experiments on explanted porcine aortas with artificially created dissections revealed a correlation between enlargement and increased hydrostatic pressure. Most of this increase was due to the increase in the false lumen, and the size of the true lumen remained constant. 41 To obtain accurate results, the boundary conditions for the CFD simulations have to be realistic. Patient-specific geometries and measured flow rates are essential for obtaining an accurate distribution of the WSS magnitude. The threedimensional geometry of the lesion can be obtained from a computed Recently, the accuracy of 2D pcMRI has been established to be approximately 5-10% in the cerebral circulation.
42 MRI is therefore the modality of choice to obtain both geometrical and physiological flow information within one exam. To be of clinical value, the CFD results have to be available to the vascular surgeon before or during the intervention. The results described here were obtained on a dual-core processor PC within four hours by taking advantage of the parallel processing features implemented in the Fluent system. While this time period may be adequate for most cases, a quick overview of the blood flow velocities and the WSS magnitude distribution may be obtained from a steady simulation that can be performed within minutes.
Finally, the CFD results have to be integrated into the clinical workflow. Many vendors of MRI equipment provide a workstation for the post-processing of the acquired MRI images. Ideally, the CFD results should be integrated into this workstation or made available on a separate workstation in the clinical space. It is often not feasible for the surgeon to visit a remotely located research facility.
Limitations
The limitations of the CFD simulations presented here are in the assumptions necessary to simplify the complicated interplay between tissue and blood flow dynamics in-vivo in order to perform computational calculations with the software and computer hardware available today. These include non-slip conditions at the arterial wall, the modeling of blood as a Newtonian fluid, and rigid walls, i.e., no inclusion of fluid structure interactions (FSI). Inclusion of FSI on modeling aortic blood flow has been reported to obtain a more detailed simulation of the blood flow and wall motion. [43] [44] [45] [46] [47] [48] [49] [50] [51] For an accurate simulation, however, the mechanical properties of diseased aortic tissue in-vivo (e.g., Young's modulus) have to be known, which is difficult to measure in-vivo for every patient. In addition, CFD combined with FSI is time intensive and may not be able to provide results in a clinical time frame (i.e., in the time from imaging to therapeutic decision making).
Conclusion
Continuous technical advances in the computational simulation of blood flow in-vivo have made it possible to integrate the information obtained with these simulations into the clinical workflow. From the realm of accessible hemodynamic parameters, the ones most pertinent to the clinical question have to be chosen. Fast and accurate boundary conditions are essential for a correct evaluation. Although limitations still exist and are mostly founded in the simplifications necessary to transform the complex human vasculature into a mathematical model, computational simulations have the potential of enhancing standard medial images, thus aiding therapeutic decision making. 
